Active calcium/calmodulin-dependent protein kinase II (CaMKII) has been reported to take a critical role in the induction of longterm potentiation (LTP). Changes in CaMKII activity were detected in various ischemia models. It is tempting to know whether and how CaMKII takes a role in NMDA receptor (NMDAR)-mediated postischemic long-term potentiation (NMDA i-LTP). Here, we monitored changes in NMDAR-mediated field excitatory postsynaptic potentials (NMDA fEPSPs) at different time points following ischemia onset in vitro oxygen and glucose deprivation (OGD) ischemia model. We found that 10 min OGD treatment induced significant i-LTP in NMDA fEPSPs, whereas shorter (3 min) or longer (25 min) OGD treatment failed to induce prominent NMDA i-LTP. CaMKII activity or CaMKII autophosphorylation displays a similar bifurcated trend at different time points following onset of ischemia both in vitro OGD or in vivo photothrombotic lesion (PT) models, suggesting a correlation of increased CaMKII activity or CaMKII autophosphorylation with NMDA i-LTP. Disturbing the association between CaMKII and GluN2B subunit of NMDARs with short cell-permeable peptides Tat-GluN2B reversed NMDA i-LTP induced by OGD treatment. The results provide support to a notion that increased interaction between NMDAR and CaMKII following ischemia-induced increased CaMKII activity and autophosphorylation is essential for induction of NMDA i-LTP.
Introduction
Ischemic stroke, a brain attack induced by the reduction of blood flow, is one of the leading causes of death and disability worldwide [1] . Unfortunately, the mechanisms underlying stroke processing are less understood, and there are no effective treatments targeting it. Following stroke, a pathological neural plasticity termed postischemic long-term potentiation (i-LTP) often occurs over time [2, 3] . And emerging evidences from animal models suggest that such i-LTP plays important roles in both injury and recovery. Thus, it is necessary to improve the comprehension of the mechanisms mediating i-LTP after stroke.
It is generally accepted that the pathological plasticity initiated by excessive calcium influx follows the activation of NMDAR after stroke [4] . Over the past two decades, though there are many published papers reporting the phenomenon termed NMDAR-mediated i-LTP, most researchers focused on the detailed mechanisms and significant implication in NMDAR dependent postischemic plasticity while NMDARmediated response got less attention [5, 6] . In previous articles, NMDAR fEPSPs were isolated in low-magnesium ACSF perfusion medium in presence of GABA A R antagonist BMI (10 M) and AMPAR antagonist NBQX (10 M) . NMDAR antagonist D-APV was selected to identify whether NMDAR mediated i-LTP by recording this in ACSF perfusion medium [7, 8] . It has been favored that there was cascade response followed by calcium influx in i-LTP [9] ; the conspicuous response is CaMKII activation and autophosphorylation which is involved in i-LTP after ischemia [9, 10] .
In addition, it has been reported that the component of postsynaptic NMDARs changes in i-LTP and some researchers have proved the GluN2B-containing NMDAR plays an important role in i-LTP [11, 12] . The specific GluN2B antagonist ifenprodil exhibits a dose dependent inhibition of i-LTP, as well as the lower infarction volume. In the early studies, CaMKII activation and autophosphorylation initiated the succedent association between NMDAR and CaMKII and the sites of their interaction have been reported clearly in activity-dependent forms of synaptic plasticity, long-term potentiation (LTP), and long-term depression (LTD), proposed as the mechanism of learning and memory [13] [14] [15] . CaMKII has been widely studied as GluN2B binding protein in promoting the translocation of GluN2B to postsynaptic sites [16] [17] [18] . And it was clarified that both NMDAR antagonist and CaMKII inhibitor reduced the targeting of CaMKII to GluN2B, as well as the NMDAR translocation to postsynaptic membrane [11] . In summary, we emphasized on the most important question that whether this mechanism is involved in pathological neural plasticity or not.
On the other hand, the time points play an important role in ischemia injury and recovery. However, it still fails to form a consensus that multiple time points bring about different NMDAR-mediated i-LTP. After the induction, the mechanisms of the NMDAR-mediated i-LTP are not clear. The ability of recovery from ischemia is proposed to depend on the duration of the injury [19] . OGD treatment for 9 min and 14 min exhibited different phenomena. The shorter the OGD lasted, the easier the function could recover. Otherwise, after occlusion for 90 sec and 90 min, there were distinctions between the levels of CaMKII phosphorylation at T286 site. The phosphorylation of Thr286-CaMKII was significantly improved by 90 sec occlusion, while the phosphorylation of Thr286-CaMKII was apparently decreased by 90 min occlusion [20] .
In this study, the NMDAR-mediated i-LTP induced by OGD was demonstrated by employing electrophysiological recordings in hippocampal slices. An apparent increase of NMDAR in postsynaptic membrane caused by photothrombotic lesion (PT) was observed through Western blotting. The activity and autophosphorylation levels of CaMKII at different time points after ischemia were determined on OGD and PT models. Furthermore, using short disturbing peptides, it was found that the active CaMKII promotes the interaction between CaMKII and NMDARs and regulates NMDAR-mediated i-LTP in ischemia. Our data deepens the comprehension of the pathological plasticity after cerebral ischemia and provides useful experimental results for stroke therapeutics.
Materials and Methods

Hippocampal Slice.
All animals and experimental protocols were carried out by the guidance of the National Institutes of Health (NIH) for the Care and Use of Laboratory Animals. Adult C57BL/6 mice were anesthetized with 1% pelltobarbitalum natricum and decapitated. The entire brain was quickly removed. Brain slices (350 m thickness) were cut on a vibratome (VT1000S, Leica, Germany) in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 126 NaCl, 2.5 KCl, 1 MgCl 2 , 1 CaCl 2 , 1.25 KH 2 PO 4 , 26 NaHCO 3 , and 20 glucose, pH 7.4, which was gassed with 95% O 2 and 5% CO 2 . The fresh slices were incubated in a chamber with oxygenated ACSF and were recovered at 34 ∘ C. The slices were stored homogenized in cold 0.32 M sucrose containing 1 mM HEPES, 1 mM MgCl 2 , 1 mM NaHCO 3 , 20 mM sodium pyrophosphate, 20 mM -phosphoglycerol, 0.2 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1 mM Na 3 VO 4 , and 1 mM p-nitrophenyl phosphate, pH 7.4, in the presence of the following protease inhibitors and phosphatase inhibitors: 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 g/mL aprotinin, 5 g/mL leupeptin, 5 g/mL pepstatin A, and 16 g/mL benzamidine. The homogenate was centrifuged at 1,000 ×g for 10 min and the supernatant was collected. The content of protein was measured using a BCA protein assay (Pierce, USA) [21] . 
Western
Electrophysiological Recordings in Acute Slices.
Field excitatory postsynaptic potentials (fEPSPs) recordings were made as previous researches described [22] . Briefly, a stimulating electrode was located in Schaffer collateral; a recording pipette filled with 3 mM NaCl was put in stratum radiatum of CA1. Bicuculline methiodide (BMI, 10 M) was from Tocris; 1,2,3,4-tetrahydro-6-nitro-2,3-dioxobenzo[f ]-quinoxaline-7-sulfonamide (NBQX, 10 M) was from Sigma; Tat-GluN2B was from ChinaPeptides.
Oxygen-Glucose-Deprivation-Induced Ischemia Model.
The slices were deprived of anoxia/hypoglycemia by replacing 95% O 2 /5% CO 2 with 95% N 2 /5% CO 2 and switching to an Neural Plasticity 3 ACSF solution containing 20 mM sucrose instead of glucose for 5 to 10 minutes.
Photothrombotic Lesion.
The female C57BL/6 mice (8-12 weeks) weighing 20-25 g were anesthetized using 1% pelltobarbitalum natricum with the body dose of 50 mg/kg. The scalps of anesthetized animals were exposed through shaving the mice hair. Before illumination, 1% Rose Bengal (Sigma) dissolved in 0.9% saline was intraperitoneally infused via the body dose of 100 mg/kg. Subsequently, focal illumination of the brain continued for 15 minutes with a strong cold light source through the intact skull leading to focal infarcts ranging from cortical to hippocampal area.
TTC Staining.
The infarct size, location, and geometry of mice were measured 24 h after photothrombotic lesion. After anesthetization and execution, brains were removed directly and frozen at −20 ∘ C for 5 min. The whole brains of mice were incised to corresponding slices at 2 mm and sections were immersed in 1% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma) at 37 ∘ C for 20 min in light-blocking environment. The presence or absence of infarction was distinctly visible by examining TTC-stained sections, and the pale region represented the focal infarcts.
Neuron Culture and Live-Cell Microscopy.
Primary hippocampal neurons were disassociated from embryonic day 18 (E18), plated onto poly-D-lysine (Sigma-Aldrich, USA) coated coverglasses, and cultured in neurobasal medium supplemented with 2% B27 and 1% Glutamax (Life Technology, USA). At 11-14 days in vitro (DIV), cells were transfected with adenovirus expressing superecliptic pHluorin (SEP) tagged GluN1 and 48 hr later with adenovirus expressing GluN2A. The sequences encoding GluN1 and GluN2A were obtained from the plasmid pCI-SEP-NR1 (plasmid 23999, Addgene, USA) and pCI-SEP-NR2A (plasmid 23997, Addgene) contributed by Kopec et al. [23] .
A Ti-E inverted fluorescence microscope with a Perfect Focus System (Nikon, Japan) was employed. Images were collected through a 100x oil-immersion objective (Plan Apo, NA. = 1.45, Nikon) and recorded by a cooled CCD (Orca-ER, Hamamatsu, Japan). 48 hr after GluN2A transfection (DIV15-18), coverglasses with hippocampal neurons were placed in an imaging chamber (AC-PI, Live Cell Instrument, South Korea) and perfused with the extracellular solution (ECS) containing (in mM) 140 NaCl, 5 KCl, 1.3 CaCl 2 , 25 HEPES, 33 glucose, and 1 MgCl 2 (pH 7.4) at 37 ∘ C. During OGD treatment, neurons were perfused with the medium containing sucrose instead of glucose, which had been saturated with 95% N 2 /5% CO 2 . Cells were incubated with Tat-GluN2B for 15 min or not. Subsequently, live-cell imaging was performed on 5 min before and 10 min after ECS (as control) or OGD treatment. The images were processed and analyzed by NIS-element AR software (Nikon) or Fiji software (National Institutes of Health, USA).
Data
Analysis. All population data were expressed as mean ± SEM. Paired-Samples -test was used to assess statistical significance and Independent-Samples -test and analysis of variance (ANOVA) were performed to compare between multiple groups. < 0.05 values were accounted for statistical significance, and the significance for homogeneity of variance test was set at 0.1.
Results
Synaptic Plasticity in NMDAR-Mediated Responses Depends on Duration of OGD and PT Treatment in
Hippocampal Slices. To examine whether plasticity in NMDAR-mediated synaptic responses was affected by duration of OGD treatment, we recorded i-LTP in NMDARmediated fEPSPs (NMDA fEPSPs) in acute hippocampal slices [24] [25] [26] [27] . NMDA fEPSPs were isolated in the presence of GABA A antagonist BMI (10 M) and AMPAR antagonist NBQX (10 M) in low-magnesium ACSF. We found that OGD treatment for different time periods indeed exerted differential effects on inducing NMDAR-mediated i-LTP (NMDA i-LTP). OGD treatment for 3 min only elicited a slight but persistent increase of fEPSP amplitude (Figure 1(a) , 1.18 ± 0.03, = 6, < 0.05). When the OGD duration went up to 10 min, a significant potentiation of fEPSP amplitude was observed, which kept stable at least for 30 min in our recordings (Figure 1 Then we established ischemia model with photothrombotic lesion. We employed sequential brain T2-w MRI and TTC staining method to confirm the infarct region after ischemia modeling (Figure 2(b) ). We also employed Western blotting to analyze possible alterations in postsynaptic NMDAR expression. Triton X-100-insoluble fraction (TIF) was used to roughly represent the postsynaptic fraction [21] . Different exposure times were selected, and here 1 hr after PT was showed (Figure 2(c) , 0 hr after PT, 1.22 ± 0.08, = 5, * < 0.05; 1 hr after PT, 1.39 ± 0.07, = 6, * < 0.05; 12 hr after PT, 1.05 ± 0.07, = 5, > 0.05). A dramatic elevation of postsynaptic expression of GluN1, the obligatory component of NMDAR, was found 1 hr after PT. These data suggest that increased NMDAR number may contribute to NMDA i-LTP. Cyclex CaMKII assay kit (following the instructions) to test whether the alteration in CaMKII activity was correlated with duration of OGD treatment. We found that exposure to OGD for 10 min caused a significant increase in CaMKII activity (Figure 3(a) , 1.43 ± 0.13, = 4, < 0.05). In contrast, OGD treatment for 25 min led to inhibition of CaMKII activity (Figure 3(b) , 0.65 ± 0.07, = 3, < 0.05). In addition, we also test CaMKII activity change at different time points in PT ischemia model. One hour after PT, CaMKII activity displayed an upward trend (Figure 3(c) , 1.38 ± 0.07, = 3, < 0.05). In contrast, CaMKII activity decreased markedly 12 hr after PT (Figure 3(d) , 0.41 ± 0.19, = 3, < 0.05). Accordingly, we observed an increase in autophosphorylation of CaMKII following either 3 min or 10 min OGD treatment, but detected a decrease in CaMKII autophosphorylation 25 min after OGD treatment, determined by Western blotting assay (Figures 4(a) 
CaMKII Activity and Autophosphorylation Changed
Active CaMKII Targeting at NMDA Was Involved in Inducing NMDAR-Mediated i-LTP. CaMKII activation and subsequent binding of CaMKII with GluN2B subunit of
NMDARs are critical to LTP. We employed coimmunoprecipitation (Co-IP) assay to determine the association between CaMKII and NMDAR at the time points in which we observed significant changes in NMDA fEPSPs and CaMKII phosphorylation in OGD or PT ischemia models. As we expected, an increase in association between CaMKII and NMDAR was observed after 10 min of OGD treatment in OGD model or after 1 hr PT in PT model (Figures 5(a)-5(b) ).
To further elucidate whether formation of CaMKII and NMDAR complex is required for the induction of pathological plasticity, we utilized short cell-permeable peptides TatGluN2B derived from GluN2B binding sequence (1295-1309) with CaMKII to specially interfere the association between CaMKII and NMDARs. Tat protein (Tyr-Gly-Arg-Lys-LysArg-Arg-Gln-Arg-Arg-Arg), which was obtained originally from the cell-membrane transduction domain of the human immunodeficiency virus-type 1 (HIV-1), was fused to the constructed peptides and resulted in fusion of Tat-GluN2B peptides. This manipulation allowed the constructed peptides to easily cross the membrane and exert their effects intracellularly [28] . As expected, disturbing the CaMKII-NMDAR interaction with the Tat-GluN2B peptide decreased the association between CaMKII and NMDAR, while scramble peptides failed to display any effect on the association ( Figure 5(a) ). Interestingly, Tat-GluN2B application also decreased the CaMKII autophosphorylation to baseline level, while scramble peptides failed to exert any effect (Figures 5(c)-5(d), 1.01 ± 0.04, = 4, > 0.05; 1.11 ± 0.03, = 4, * < 0.05), and the CaMKII activity was reduced to the level of control group when Tat-GluN2B was applied, but scramble peptides failed to exert any effect ( Figure 5(e) , 0.97 ± 0.04, = 4, > 0.05; 1.66 ± 0.18, = 4, * < 0.05). It was observed that there was a decrease in the amplitude of NMDAR-mediated i-LTP after disturbing the connection between CaMKII and NMDAR with peptides Tat-GluN2B ( Figure 5 (f), = 5, compared with OGD, 0.73 ± 0.02, < 0.05). But scramble peptides failed to exert any effect when the hippocampal slice was exposed to OGD for 10 min (Figure 5 (f), = 5, compared with OGD, 1.02 ± 0.03, > 0.05). In line with the changes in CaMKII activity and autophosphorylation, we found that NMDA i-LTP induced by 10 min OGD treatment was also reversed by Tat-GluN2B incubation throughout the recording.
We next examined whether OGD-induced NMDA i-LTP was caused by NMDAR insertion into postsynaptic membrane. We transfected cultured hippocampal cells with GluN1 that is tagged by a pH-sensitive fluorescent protein SEP and employed live-cell imaging to monitor possible changes in fluorescent intensity on surface of spines, where usually excitatory glutamate synapses are located. As shown in Figure 6 , the fluorescent intensity at spines increased 10 min after OGD treatment for 2 min, indicating transportation of GluN1 from intracellular vesicles to the plasma membrane of spine. This GluN1 trafficking and subsequent increase in postsynaptic NMDAR number may underlie NMDAR-mediated i-LTP. In addition, disturbing the association between CaMKII and GluN2B with Tat-GluN2B reversed the increase in SEP-GluN1 fluorescent intensity. These results suggest that OGD treatment induced new NMDAR trafficking to spine Neural Plasticity membrane, and CaMKII-GluN2B association is required for this NMDAR trafficking.
Discussion
In this study, we used OGD modeling in vitro ischemia on the mouse hippocampal slices and photothrombotic lesion modeling in vivo ischemia in the mouse hippocampus. As we know, OGD had effects on brain regions including hippocampus to induce NMDAR-mediated i-LTP. But in mounting studies, PT was usually used to research cortical lesion [29, 30] . Therefore it is critical to determine whether hippocampus really suffered from ischemia induced by PT in our experiment. To solve this problem, focal illumination was set to the maximum to widen and deepen the volume of injury to make sure hippocampus suffered from this lesion, but the intensity was set within the extent mice could endure.
To examine the lesions of PT, T2-w MRI and TTC staining were conducted after the treatment and the infract region was directly viewed from the photographs. This study exhibited that NMDAR-mediated i-LTP depends on duration of OGD and PT treatment. Exposure to OGD for 3 min induced a mild increase in i-LTP, while the activity and autophosphorylation level of CaMKII did not display the same trend likewise. Through analysis, it may include two possibilities: one is that the CaMKII assay kit and Western blotting were less sensitive than electrophysiology; (f) Peptides Tat-GluN2B led to impaired i-LTP when the hippocampal slice was exposed to OGD for 10 min, = 5, compared with OGD, = 3, 0.73 ± 0.02, < 0.05. Scramble peptides were used when the hippocampal slice was exposed to OGD for 10 min, = 5, compared with OGD, 1.02 ± 0.03, > 0.05. As a control, OGD treatment for 10 min exhibited normal i-LTP. Overlaid traces above the graph showed changes in amplitude of fEPSPs chosen at the times indicated on the graph. the other one is, together with active CaMKII, other mechanisms participated in the NMDAR-mediated i-LTP in 3 min exposure to ischemia.
Multiple evidences reported that the downstream reaction triggered by active CaMKII was involved in synaptic plasticity, LTP, and LTD. And CaMKII was observed to be activated in ischemia exposure. It was consistent with our experiment that targeting of active CaMKII to NMDAR has been proved to be important in i-LTP. Tat-GluN2B was to disturb the interaction of CaMKII and NMDAR, and this result has been shown in coimmunoprecipitation. Moreover, 10 min OGD duration with peptides Tat-GluN2B irrigation exhibited no increase in the amplitude of fEPSPs; we can concluded that the Tat-GluN2B puts its effects on CaMKII activity, autophosphorylation levels, and NMDAR-mediated i-LTP. But the decreased activity of CaMKII by Tat-GluN2B is always lower than the untreated one. There is connection between CaMKII and NMDAR in normal situation, while the interaction may be more compact or the quantity may be even more after the hippocampus was injured. Before exposure to OGD, Tat-GluN2B was preincubated and then may block the new forming of the complex as well as block the original complex; both cooperate to cause the suppressed activity of CaMKII.
In conclusion, it was determined that NMDAR-mediated i-LTP was induced by different durations of OGD and PT. Meanwhile, CaMKII was activated and autophosphorylated. And our data found the interaction between CaMKII and NMDARs to be promoted by active CaMKII, which was disturbed by Tat-GluN2B after OGD. A similar mechanism was suggested in PT modeling. In earlier studies, as a traditional induction method, OGD was applied to research on hippocampal ischemia widely, but few researchers integrate the corporate results in OGD and PT, a modeling in vivo. Hence, our results will provide a novel sight into ischemic research.
